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Introduction {#sec1-1}
============

Optic nerve (ON) injury can lead to the death of retinal ganglion cells (RGCs) and the loss of visual function (Vigneswara and Ahmed, 2019). Promoting the survival of RGCs is essential for repairing ON injury, and drug therapy is an effective method to protect injured RGCs. Etomidate (ET), an imidazole, non-barbiturate intravenous anesthetic agent, selectively acts on gamma-aminobutyric acid A receptors containing β2 and β3 subunits. It promotes the influx of chloride ions, thus serves as an anesthetic through hyperpolarization of the cell membrane. Recent reports indicated that neuroprotection by ET acted by attenuating the injury of hippocampal neurons in rats with forebrain ischemia (Watson et al., 1992) and damage to hippocampal neurons from kainic acid-induced injury (Lee et al., 2000). Immediate ET treatment after spinal cord injury can also promote the recovery of spinal cord function (Cayli et al., 2006). Our previous studies demonstrated that ET had protective effects on RGCs within 7 days after ON transection (ONT) (Xu et al., 2015) and that the protein kinase C/nuclear factor-kappa B signaling pathway may be involved in the protective mechanism of ET (Xu et al., 2015).

Apoptosis is the leading cause of RGC death caused by ON injury (Weishaupt et al., 2003; Cheng et al., 2018). There are several possible mechanisms underlying the onset of apoptosis in this context, oxidative damage being one of the most im-portant putative causes. Oxidative stress comprises the excessive production of reactive oxygen species (ROS), reactive nitrogen species and other similar reactive species. This process results in the untimely cleavage of oxides in the body when exposed to various harmful stimuli, leading to physiological and pathological responses such as cell and tissue damage. The ON is part of central nervous system that has a high lipid content. Moreover, the central nervous system exhibits a high metabolic rate because of its high oxygen consumption and a high level of adenosine triphosphate synthesis, and is therefore susceptible to oxidative stress (Tezel, 2006; Yamamoto et al., 2014). The death of injured RGCs is also closely related to oxidative stress. The survival of axotomized RGCs is sensitive to the reduction-oxidation state and reduced formation of ROS can promote the RGC survival after ONT (Geiger et al., 2002). Superoxide content in RGCs increases significantly 24 hours after ONT and the intravitreal injection of superoxide dismutase could block the formation of superoxide in RGCs, resulting in delayed RGC death (Kanamori et al., 2010). The above findings prompted the purpose of the present study to investigate any possible relationship between the protective effect of ET on injured RGCs and the anti-oxidative stress response.

Materials and Methods {#sec1-2}
=====================

Animals {#sec2-1}
-------

Two hundred and thirty-four specific-pathogen-free, adult male Sprague-Dawley rats, aged 8--10 weeks, weighing 200--250 g, were obtained from the Laboratory Animal Center of Air Force Medical University, China \[license No. SCXK (Shann) 2014-002\]. The rats were housed in a temperature- and humidity-controlled room with a 12-hour light: 12-hour dark cycle. Food and water were freely available. This study was performed in accordance with the National Institutes of Health (USA) guidelines for care and use of laboratory animals (NIH Publication No. 85-23, revised 1996). The Animal Ethics Committee at Air Force Medical University approved all animal protocols (approval No. 20180305) on March 5, 2018.

Labeling and counting of retinal ganglion cells {#sec2-2}
-----------------------------------------------

Eighteen rats were randomly divided into normal control, ONT and ET groups (ONT + ET) (*n* = 6 for each group). All animals were anesthetized with an intraperitoneal injection of 1% pentobarbital sodium (Sigma-Aldrich, St. Louis, MO, USA) and the intraorbital segment of the ON was exposed under an operating microscope behind the left eyeball of each animal. The dorsal sheath of the ON was then cut longitudinally along the long axis of the ON, and the ON was transected 1 mm from the eyeball, without any injury to the central retinal artery located in the ventral sheath. A small piece of gelfoam impregnated with 5% FluoroGold (Fluorochrome LLC., Denver, CO, USA) was placed onto the orbital end of transected ON to achieve retrograde labeling of RGCs. The rats in the normal control group were allowed to survive for 2 days without any intervention. The animals in the ONT and ET groups were injected intraperitoneally with either normal saline (2 mL/kg) or ET (4 mg/kg; ET injectable emulsion, license No. H20020511, Jiangsu Nhwa Pharmaceutical Co. Ltd., Xuzhou, Jiangsu Province, China), respectively, immediately after ONT. The injections were repeated once per day for 7 days. All the animals were killed with an overdose of pentobarbital sodium at the appropriate time after ONT. The left eyeballs were immediately isolated and immersed in 4% paraformaldehyde solution. The retinas were then removed and divided into four quadrants, supra-temporal, infra-temporal, supra-nasal and infra-nasal, of similar size. After postfixation in 4% paraformaldehyde solution for 1 hour, each retina was rinsed three times (5 minutes per wash) with phosphate-buffered saline (0.01 M, pH 7.4). The retinas were then placed on glass slides, sealed with 50% glycerol and observed with an eyepiece grid of 500 µm × 500 µm at 500-µm intervals under a BX51 fluorescence microscope (Olympus Corporation, Tokyo, Japan) using a 355--425 nm ultraviolet filter. The sample area was defined by an ocular grid (0.5 mm × 0.5 mm) and respective sample regions were selected from 1, 2, and 3 mm to the edge of the optic disk along the center line of each quadrant. Using the ultraviolet excitation mode, the FluoroGold-labeled surviving RGCs in each sample region were counted and the average density of the surviving RGCs was calculated.

Detection of biochemical indicators related to oxidative stress injury {#sec2-3}
----------------------------------------------------------------------

The other 216 rats were randomly divided into normal control, ONT and ET groups (*n* = 72 for each group). Immediately after the rats were killed using an overdose of pentobarbital sodium, the left retinas of rats in the normal control group (*n* = 72) were removed and stored at −80°C. Some of the rats in the ONT group (*n* = 54) and ET group (*n* = 54) received an intraperitoneal injection of normal saline (2 mL/kg) or ET (4 mg/kg) immediately after the left intraorbital ONT and survived for 6 (*n* = 18 per group), 12 (*n* = 18 per group), and 24 hours (*n* = 18 per group), respectively. The remaining animals in the ONT (*n* = 18) and ET (*n* = 18) groups received repeated injections of the same amount of saline or ET once per day until they were sacrificed on postoperative day 7. The left retinas were isolated and stored at −80°C. The levels of nitric oxide (NO; Jiancheng Bioengineering Institute, Nanjing, Jiangsu Province, China), malonaldehyde (MDA; Wanleibio, Shenyang, Liaoning Province, China) and glutathione (GSH; Wanleibio) in the retinas of rats in each group were determined in accordance with the instructions of the respective measurement kits.

Statistical analysis {#sec2-4}
--------------------

The mean densities of RGCs and the levels of NO, MDA and GSH in the retinas were statistically analyzed with SPSS 13.0 software (SPSS Inc., Chicago, IL, USA) using one-way analysis of variance and the differences between groups were compared using Tukey's test. Data were expressed as the mean ± SD. *P* \< 0.05 was considered to indicate significant differences.

Results {#sec1-3}
=======

Etomidate increases the retinal ganglion cell densities in rats with injured optic nerves {#sec2-5}
-----------------------------------------------------------------------------------------

FluoroGold-labeled RGCs were observed in the retinas of rats in the normal control, ONT and ET groups. Most RGCs were oval and some were polygonal in shape. The fluorescent substances were bright and evenly distributed in these RGCs (**[Figure 1A](#F1){ref-type="fig"}**). The mean densities of surviving RGCs in the ONT and ET groups decreased significantly in comparison with the normal control group at 7 days after ONT (*P* \< 0.05). However, the RGC density in the ET group was significantly higher than that in the ONT group (*P* \< 0.05, **[Figure 1B](#F1){ref-type="fig"}**).

![Etomidate promots retinal ganglion cells (RGCs) survival at 7 days after optic nerve transection.\
(A) Surviving RGCs with FluoroGold-labeled. Compared with the normal control (NC) group, surviving RGCs of the ONT group were decreased. Etomidate significantly reduced the loss of RGCs. Scale bars: 200 µm. (B) Quantitative result of surviving RGCs densities. There were significantly more surviving RGCs in the ET group than in the ONT group; however, the average density of RGCs in both groups was significantly lower than that in the normal control group. The data are expressed as the mean ± SD (*n* = 6 per group). \**P* \< 0.05, *vs*. normal control group; \#*P* \< 0.05, *vs*. ONT group (one-way analysis of variance followed by Tukey's test). ONT: Optic nerve transection; ET: ONT + etomidate.](NRR-14-2020-g002){#F1}

Etomidate affects biochemical indexes related to oxidative stress in rats with injured optic nerves {#sec2-6}
---------------------------------------------------------------------------------------------------

Compared with the normal control group, the NO and MDA levels were significantly higher (*P* \< 0.05), and the GSH level in ONT group significantly lower at 12 hours after ONT (*P* \< 0.05). ET markedly reduced the changes in NO, MDA and GSH levels when compared with the ONT group at 12 hours after ONT (*P* \< 0.05). No significant differences in the NO, MDA and GSH levels could be detected among the three groups at 6, 24 hours and 7 days after ONT (*P* \>0.05; **[Figure 2](#F2){ref-type="fig"}**).

![Etomidate affects the retinal NO (A), MDA (B), and GSH (C) levels in rats with optic nerve transection.\
The data are expressed as the mean ± SD (*n* = 6 per group). \**P* \< 0.05, *vs*. normal control (NC) group; \#*P* \< 0.05, *vs*. ONT group (one-way analysis of variance followed by Tukey's test). NO: Nitric oxide; MDA: malonaldehyde; GSH: glutathione; ONT: optic nerve transection; ET: ONT + etomidate; h: hours; d: days.](NRR-14-2020-g003){#F2}

Discussion {#sec1-4}
==========

ONT is a commonly used model for ON injury (Rovere et al., 2019). There was no significant reduction in the number of surviving RGCs in the retina up to 3 days after intraorbital ONT. Therefore, the number of RGCs at 2 days after intraorbital ONT was used as a normal control. The number of RGCs significantly decreased to about 50% of the normal amount at 7 days after ONT and only about 10% of the RGCs had survived by day 14 post-injury (Cheung et al., 2004). In this study, the mean RGC density at 7 days after ONT in the ONT group was 47% of that in the normal control group, similar to the RGC density observed in previous studies. Successive injections of ET for 7 days after ONT protected the RGCs showing a density in ET group to 66% of that in normal control group, a significantly higher RGC density than that observed in the ONT group. These results showed that ET had a significant protective effect on axotomized RGCs at 7 days after ONT in adult rats.

ROS are normal by-products of cell metabolism. However, harmful stimulation can cause an excessive production of ROS in the body, resulting in cell damage when the intrinsic antioxidant capacity is overwhelmed. Such a state of damage is known as oxidative stress. Control of ROS has been shown to reduce apoptosis of RGCs after ONT (Geiger et al., 2002) Excessive ROS production can directly damage proteins, DNA and lipids in cells, leading to apoptosis of RGCs in our ONT model. ROS can also enhance the formation of advanced glycation end products and induce apoptosis through direct cytotoxicity or receptor-mediated signaling pathways (Tezel et al., 2007). RGC apoptosis is induced by ROS-induced protein oxidative modification promoting secretion of tumor necrosis factor-α by glial cells (Tezel and Yang, 2004). ROS induce RGC apoptosis by upregulating major histocompatibility complex-II molecules in glial cells, promote T-cell activation and increase tumor necrosis factor-α secretion by T cells, suggesting that regulation of the immune response by ROS can also affect the RGC survival (Tezel and Wax, 2004).

Reactive nitrogen species are chemically reactive substances derived from NO and superoxides. NO is a type of reactive nitrogen species and retinal NO is primarily produced by astrocytes. Under pathological conditions, a large quantity of superoxide anions (O~2~ ^--^) accumulate in mitochondria, resulting in the formation of a strong free radical peroxynitrite (ONOO^--^) which, together with NO, can directly induce RGC apoptosis. NO, O~2~ ^--^ and ONOO^--^ occur together and reinforce each other, forming a vicious cycle that propagates RGC damage (Sato et al., 2010).

MDA is an end metabolite of free radical lipid peroxidation and a marker of lipid peroxides. Determination of MDA levels can enable assessment of the degree of lipid peroxidation in the body and indirectly indicate the degree of free radical damage to tissues and cells (Tsikas, 2017). GSH is an important endogenous antioxidant, which can react with O~2~ ^--^, •OH and O~2~ to protect cells from ROS damage (He et al., 2017). Therefore, we measured the levels of retinal NO, MDA and GSH in this study to determine the degree of oxidative stress after ONT and the effect of ET on oxidative stress. Our results demonstrated that the retinal tissues contained similar minimal NO and MDA in normal control and ONT groups at 6 hours after ONT. At 12 hours, however, the levels of NO and MDA in the ONT group had significantly increased, 4- and 2.5-fold higher than those in normal control group. The high levels of ON and MDA later dropped until they were similar to those in the normal control group at 24 hours and 7 days after ONT. The GSH level in the ONT group decreased significantly to 76% of that in the normal control group at 12 hours, but had returned to the level of the normal control group at 24 hours and 7 days. These results suggest that oxidative stress exists transiently for only 12 hours after ONT.

An intraperitoneal injection of ET immediately after ONT significantly inhibited oxidative stress within 12 hours after injury. The NO and MDA levels in the ET group were significantly lower at 48% and 63%, respectively, and the GSH level in the ET group was significantly higher (similar to that in the normal control group) than those observed in the ONT group 12 hours after ONT. However, repeated injections of ET had no further impact on the levels of retinal NO, MDA and GSH because these had returned to the normal control levels at 24 hours and 7 days after ONT. Similar previous findings have also revealed that the neuroprotective effect of ET is related to anti-oxidative stress responses: Streptomycin was used to induce hyperglycemia in rats, resulting in oxidative stress in the central nervous system. After successive intraperitoneal ET injections for 6 weeks, the levels of MDA and total nitrite were reduced, whereas the GSH level was increased, in the cerebral cortex, hippocampus, cerebellum, brainstem and spinal cord of hyperglycemic rats (Ates et al., 2006). Immediate intraperitoneal ET injection after spinal cord injury in rats could reduce the intra-spinal NO and MDA levels and increase the GSH level 24 hours after injury (Cayli et al., 2006). Because the peaked oxidative stress and the anti-oxidative stress effect of ET were only detected at 12 hours after ONT, the time window within which ET can provide a neuroprotective effect is rather short. Therefore, immediate ET administration is necessary after ON injury. In conclusion, our study provides an experimental basis for ET to treat ON injury. However, the mechanism of ET action in anti-oxidative stress remains unclear and requires further investigation.
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